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Thermal fatigue as the origin of regolith on
small asteroids
Marco Delbo1, Guy Libourel2,3, Justin Wilkerson4, Naomi Murdoch1,5, Patrick Michel1, K. T. Ramesh4, Cle´ment Ganino3,
Chrystele Verati3 & Simone Marchi6
Space missions1,2 and thermal infrared observations3 have shown
that small asteroids (kilometre-sized or smaller) are covered by a
layer of centimetre-sized or smaller particles, which constitute the
regolith. Regolith generation has traditionally been attributed to
the fall back of impact ejecta andby the break-up of boulders bymicro-
meteoroid impact4,5. Laboratory experiments6 and impact models4,
however, show that crater ejecta velocities are typically greater than
several tens of centimetres per second,which corresponds to the gravi-
tational escape velocity of kilometre-sizedasteroids.Therefore, impact
debris cannot be the main source of regolith on small asteroids4.
Here we report that thermal fatigue7–9, a mechanism of rock weath-
ering and fragmentation with no subsequent ejection, is the dom-
inant process governing regolith generation on small asteroids.We
find that thermal fragmentation induced by the diurnal tempera-
ture variations breaks up rocks larger than a few centimetres more
quickly than do micrometeoroid impacts. Because thermal frag-
mentation is independent of asteroid size, this process can also con-
tribute to regolith production on larger asteroids. Production of
fresh regolithoriginating in thermal fatigue fragmentationmaybe an
important process for the rejuvenationof the surfaces of near-Earth
asteroids, andmay explain the observed lack of low-perihelion, car-
bonaceous, near-Earth asteroids10.
The collisional andgravitational re-accumulationprocessesbywhich
small asteroids are formed probably result in the creation of surfaces
composed of boulders11. These boulders are broken up by microme-
teoroid impacts into the smaller particles constituting the regolith4,5. A
standard model12 that calculates the time required to form regolith by
fragmenting rocks of sizes between 1 and 10 cm by micrometeoroid
impacts shows that these rocks on the Moon’s surface will be broken
down into smaller rocks in severalmillion years5,12. Using the known13
orbital distribution of micrometeoroids and a method14 to calculate
the impact probability of micrometeoroids with the Moon and aster-
oids (Methods), we find that the breakdown of surface rocks requires
about the same amount of time on near-Earth asteroids (NEAs; aster-
oids with a perihelion distance of q, 1.3 AU, where 1 AU is the Earth–
Sundistance) andon theMoon,whereas onmain-belt asteroids (MBAs)
this time is about ten times longer than on the Moon (Fig. 1).
Boulders on the surfaces of asteroids are also exposed to cyclic diurnal
temperature variations, which causemechanical stresses. To answer the
question of whether these stresses are large enough to induce thermal
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Figure 1 | Time required to break rocks on
asteroids. Symbols show the time required to
thermally fragment 90% of rocks for the nominal
values of the model parameters. The thick dashed
lines show the times at which 90% of these same
rocks are broken by micrometeoroid impacts.
a, Ordinary chondrite-like asteroid 1 AU from the
Sun; b, carbonaceous chondrite-like asteroid at
1 AU; c, ordinary chondrite-like asteroid at 2.5 AU;
d, carbonaceous chondrite-like asteroid at 2.5 AU.
Error bars show the change in the thermal
fragmentation time when model parameters are
varied within their uncertainties (Methods).
fatigue crack growth, we perform laboratory experiments (Methods) on
two meteorites: a carbonaceous chondrite (CM2 Murchison) and an
ordinary chondrite (L/LL3.2 Sahara 97210) considered the closest avail-
able analogues of the broad asteroid spectroscopic classes C and S,
respectively. Our protocol (Extended Data Fig. 1) consists of using a
climatic chamber to subject thesemeteorites to temperature cycles that
approximate theday–night temperature variations experienced onNEA
surfaces. The temperature cycle periodwas taken to be 2.2 h, the fastest
period permitted by our climatic chamber, allowing us to have a reas-
onable number of cycles within a month (still subjecting meteorites to
temperature rates of change typical of NEA surfaces). The magnitude
of the temperature excursion, DT, was taken to be 190K, equal of the
DT of C-type NEAs at,0.7 AU from the Sun (Methods and Extended
Data Fig. 2).
After subjecting the meteorites to as few as 407 temperature cycles,
we use X-ray tomography to observe (Fig. 2) and measure (Methods)
an increase in the length and in the width of several of the pre-existing
cracks in bothMurchison and Sahara 97210, thus confirming thermal
fatigue (measurements for 21 cracks for each meteorite are shown in
Extended Data Figs 3 and 4). Additionally, we found particles in the
sample holder of Murchison that had broken off from its surface as a
result of temperature cycling (Fig. 3). Crack growth and fragmentation
due to either the manipulation of the samples or the freeze–thaw of
water are both ruled out (Methods and Extended Data Fig. 5).
A secondquestion is howmuch time is required forpre-existing cracks
to propagate enough to break the rocks and contribute to the genera-
tion of finer regolith. Our measurements show that, under laboratory
conditions, pre-existing cracks are extending in length at a rate of about
0.5mmyr21 (average ofMurchisonandSahara 97210).Aconstant crack
propagation rate would suggest that a 1-cm rock on the surface of an
NEAcould fragment into smaller pieces in less than20 yr, several orders
of magnitude faster than comminution by micrometeoroid impacts,
which requires about 2Myr on NEAs and about 20Myr on MBAs.
However, the crack propagation rate is typically a nonlinear function
of crack size, thus requiring a detailed fracture mechanics analysis to
investigate whether such a rapid growth rate would be maintained to
the point of fragmentation andwhether thermal fragmentation can also
occur for different cycle periods, for larger rocks and at lower tempera-
tures (for example for MBAs).
To investigate this question, we develop a micromechanical model
(Methods) based on well-established thermal diffusion15, thermo-
mechanical16 (Extended Data Fig. 6) and fracture mechanics17 models in
order to analyse theprogressive crackgrowth fromthe early stages to final
fragmentation (model parameter values are in ExtendedData Table 1).
Firstwe compare the crack growthmeasured inour laboratory experi-
ments with model predictions. We use thermal boundary conditions
simulating those of the laboratory experiments: the entire surface of a
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Figure 2 | Crack growth in meteorites due to laboratory temperature
cycling. Arrows of the same colourmark growing cracks in the pictures before
and after temperature cycling. a, Murchison; b, Sahara 97210. The cracks
volume and length growth are given in the Extended Data Figs 3 and 4,
respectively. c, The mean change of the length of the 21 measured cracks
for each meteorite as a function of the number of thermal cycles. Statistical
errors are 1s.
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Figure 3 | Regolith formation from Murchison in the laboratory. a, The
sample of Murchison and (enlarged) one of its small fragments, containing
several visible chondrules, found in the sample holder after temperature
cycling. b, c, Tomographic slices of regions of the same sample of Murchison
before and after temperature cycling. The arrows indicate fragments that broke
off from Murchison.
rock 1 cm in diameter is forced to follow sinusoidal temperature oscil-
lationswithDT5 190K and a periodof 2.2 h.Considering the idealized
nature of the model, the agreement with the experimental measure-
ments is satisfactory (the average model-to-experiment discrepancy is
20%; seeMethods andExtendedData Fig. 7) and indicates thatwehave
captured the essential aspects of thermal fatigue crack growth.
Next we use the model to provide predictions for the time (number
of day–night temperature cycles) required to achieve thermal fragmenta-
tion for surface rocks with sizes between 1 and 10 cm (Extended Data
Fig. 8) onC- and S-type asteroids at 1 and2.5 AU fromthe Sun.Here the
cycle period is taken to be 6 h, which is more appropriate than 2.2 h for
most small asteroids. The day–night temperature variations, temper-
ature gradients and mechanical stresses are calculated using boundary
conditions appropriate for asteroid surfaces radiatively heated by the
Sun (Methods).Weuse a conservativedefinitionof rock fragmentation
inourmodel, namely that an initial 30-mm-long crack grows to a length
equal to the rock diameter. Shorter cracks can still produce fragments,
either bymergingwithother growing cracks or by a flakingmechanism
(as in the case of Fig. 3).
Our results (Fig. 1) demonstrate that, at 1 AU from the Sun, centimetre-
sized rocks fragment on asteroids at least an order of magnitude faster
by thermal fragmentation than by comminution by micrometeoroid
impacts, the previously assumed dominant mechanism. We also find
(Fig. 1) that although larger rocks require more time to fragment by
micrometeoroid impact, the trend is reversed for thermal fragmenta-
tion. Therefore, thermal fragmentation of a 10-cm rock is predicted to
occur orders of magnitude faster than fragmentation due to microme-
teoroid impact. Although the speed of thermal fatigue is reduced at
larger heliocentric distances (ExtendedData Fig. 2), we still find (Fig. 1)
that in themain belt, 2.5 AU from the Sun, thermal fatigue fragmentation
is, in general, andwithin theerrors ofourmodel (Methods andExtended
DataFig. 9),morequickly thanrockbreak-upbymicrometeoroid impacts.
Because regolith formationby thermal fragmentationdoes not depend
on asteroid size, this process occurs also on larger asteroids (for example,
those varying in size fromseveral tens to severalhundreds of kilometres).
We argue that asteroid rock thermal fragmentation has observable
implications: by breaking down rocks into smaller pieces and thus expos-
ing new surface area, thermal fragmentation can provide amechanism
tomake fresh regolith. Because the process of thermal fragmentation is
strongly dependent on the value of DT, the rate of thermal fragmenta-
tion increaseswith decreasing perihelion distance (ExtendedData Fig. 2).
Observations show that the fraction ofNEAswith fresh surfaces, whose
reflectance spectra resemble those of ordinary chondrites (‘Q-type’ aster-
oids), is increasing with decreasing perihelion distance with a depend-
ence18 thatmimics the curves of theNEADT. From this result, a concrete,
testable prediction is thatmore regolith should be found onNEAs that,
during their chaotic dynamical evolution, are likely to have spentmore
time with smaller perihelion distances19.
We also predict that smallNEAs (for example those 100m in radius)
with low perihelion distances (q, 0.3 AU) could be eroded by thermal
fragmentation and radiation pressure sweeping20 on timescales shorter
than their dynamical lifetime. For instance, at 0.3 AU the solar radiation
pressure can remove grains with radii of the order of millimetres from
the surface of an asteroid with a radius of 100m (ref. 20); these grains
canbeproducedby thermal fragmentation of centimetre-sized rocks in
less than,200 yr. Therefore, low-perihelion NEAs loose regolith at a
rate of roughly 53 1025m yr21, implying that an object with a radius
of 100mwould be completely eroded in about 2Myr. Because thermal
fragmentation is faster for C-type NEAs than for S-type NEAs (Fig. 1),
we predict that erosion would be faster for carbonaceous NEAs, pro-
viding an explanation for the shortage of low-albedo, carbonaceous
Aten-type NEAs10.
METHODS SUMMARY
Rock comminution by micrometeoroid impacts on asteroids.We calculate the
impact probability of micrometeoroids of the zodiacal dust cloud13 on the Moon,
on a typical NEA and onMBAs using the method of ref. 14 but without imposing
any impact velocity cut-off. The ratio of the rock survival times on NEAs and
MBAs to the known lunar value12 is proportional to the respective impact prob-
ability ratios.
Thermal fatigue laboratory experiments. We perform two sets of temperature
cycles (respectively 76 and 331, for a total of 407) on centimetre-sized samples of
themeteoritesMurchison (CM2) and Sahara 97210 (L/LL3.2). Before and after the
first set of cycles, and after the second set, meteorites are imaged using a computed
tomographic scanner. The scannedvolumesare alignedand the increases involume
and length of several (21) cracks are measured.
Thermomechanical and fatigue crack growth model. Asteroid rock (Extended
Data Fig. 8) temperatures are calculated for heliocentric distances between 0.3 and
2.5AU.Weuse awell-establishedone-dimensional thermalmodel15.Model parameters
are as follows21: rotational period, 6 h; thermal inertia, C5 640 Jm22 s20.5 K21
(carbonaceous chondrite) orC5 1,800 Jm22 s20.5 K21 (ordinary chondrite); bolo-
metric albedo, A5 0.02 (carbonaceous) or A5 0.1 (ordinary). The cyclic spatial
and temporal temperature fields are used to calculate the strains and stresses in the
rocks and the stress intensity factors at the tip of surface cracks that, following
Paris’s law17, grow downwards through the rocks in the direction perpendicular to
the asteroid surface. The time needed to propagate a crack from 30mm to a length
equal to the rock diameter is then compared with the rock survival time against
micrometeoroid impact (Fig. 1).
Online Content Any additional Methods, ExtendedData display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS
Rock comminution bymicrometeoroid impacts on asteroids.Onasteroids, like
on theMoon, regolith formation via break-up of rocks bymicrometeoroid impacts
is accomplished by two mechanisms: rupture and erosion5. On the Moon, rock
survival time againstmicrometeoroid rupture is in the range between 2 and20Myr
for rock diameters between 1 and 10 cm (ref. 12). This survival time on asteroids
can be calculated by the following method.
First, given the relation between the rock diameter and the meteoroid impact
energy required for the rock rupture12, and assuming densities of 1 g cm23 for
cometary meteorids and 3.5 g cm23 for asteroidal meteoroids, one can find that
rocks 1–10 cm in size are broken up by sub-millimetremeteoroids5. Meteoroids of
this size dominate the zodiacal dust cloud13,14, 90% of which is constituted by
cometary dust13.
Next, given the orbital distribution of these cometary particles13, we use a clas-
sical method14, but without imposing an impact velocity cut-off, to calculate the
average intrinsic impact probabilities (p, for example, the number of impacts per
meteoroid on a circular cross-section of radius 1 km per year) and the average
impact velocity (vi) of meteoroids on the Moon, a typical NEA (a5 1 AU, e5 0.3,
i5 0.15 rad; where a is the semimajor axis of the orbit, e is its eccentricity and i is its
inclination) and an averageMBA.We find that p5 8.03 10218 and vi5 11 kms
21
for theMoon, that p5 9.53 10218 and vi5 15 kms
21 for a typical NEA, and that
p< 13 10218 and vi5 10 kms21 for an average MBA. Neglecting the different
impact velocities (because the energy for rock break-up,Eb, is a shallow function of
the impact velocity12: Eb!v0:7i ), the rate of meteoroid impacts per unit time and
unit surface,W, on theMoon, NEAs andMBAs is proportional to p. We thus have
WNEA<WMoon< 10WMBA.
Hence, the rock survival timeonNEAs is similar to that on theMoon (we assume
that they are the same in Fig. 1), whereas on MBAs rocks survive about ten times
longer. For rocks in the size range 1–10 cm, erosion removes surface material at a
rate of order 1mmMyr21 (refs 5,12), requiring at least,10–100Myr to commin-
ute rocks on the Moon and on NEAs, and 0.1–1Gyr on MBAs.
Thermal fatigue laboratory experiments. Our experimental protocol is pre-
sented in Extended Data Fig. 1. To ‘image’ the cracks in the meteorites at three
stages of thermal fatigue (before the temperature cycles, t0; after 76 cycles, t1; and
after 407 cycles, t2), we use a Phoenix Nanotom computed tomography scanner
that produces three-dimensional data cubes of approximately 1,0003 voxels or
2,0003 voxels depending on the spatial resolution, Dl. Specifically, for Murchison
Dl5 12.5, 13, 13mm, and for Sahara 97210 Dl5 3.75, 4, 4.5mm, at t0, t1 and t2,
respectively. The higher spatial resolution for Sahara 97210 is necessary because
this meteorite has fewer and thinner cracks than Murchison. The orientation of
each sample within the scanned volume varies between t0, t1 and t2. Because the
determination of crack growth requires the comparison of sizes of same cracks
at t0, t1 and t2, we precisely align and scale the meteorites within the computed
tomography scans. To do this, several distinctive features in themeteorites, such as
metal-rich inclusions of a few voxels in volume, are visually identified at t0, t1 and
t2, and used as position markers. Because the objects are not initially aligned, the
same marker does not necessarily have the same coordinates at t0, t1 and t2. For
each meteorite, we determine the matrices that best transform the marker coordi-
nates at t1 and at t2 to those at t0. AMonteCarlomethod is used to calculate the best
transformation matrix by minimizing the square of the distance between the
marker coordinates at t0 and the transformed ones. We then use the procedure
TRANSFORM_VOLUME, written in IDL byMartinDowning, to apply the trans-
formations to align the computed tomography volumes at t1 and t2 with those at
t0 (see www.idlcoyote.com/programs/transform_volume.pro; IDL is developed by
ExelisVisual InformationSolutions Incorporated (http://www.exelisvis.com/Products
Services/IDL.aspx)). The accuracy of the final alignment is, in general, of the order
of 1 voxel.
We develop a method for the determination of the volume and length of the
cracks that is not sensitive to the absolute value of the voxel intensity.This is because
the X-ray intensity is not constant between different computed tomography scans,
causing variability of the meteorite voxel counts, the background counts and the
noise level among scans of the same meteorite. We measure the crack width at all
voxels along the crack length, and the crack height, within a volume of interest of
themeteorite that includes the crack or a portion thereof.We use the same volume
of interest for the same crack at t0, t1 and t2 on the aligned computed tomography
scans. The volumeof interest, different for eachdifferent crack, is defined as follows.
We chose a plane (for example, the x–yplane) alongwhich the crackmainly extends,
andwe extract several slices from the computed tomography volume parallel to the
considered plane. Typically, we consider ten slices. For each slice, we draw a segmen-
ted line that follows the crack as closely as possible; the same number of segments
is used for each slice. For each segment and for each slice, we determine the width
of the crack and thewidthuncertainty in the direction perpendicular to the segment
at every point. We calculate the volume of the crack portion from
V~
XN
i~n
XMi
j~1
XLi,j
k~1
Wi,j,kgi,j,k Dlð Þ3 ð1Þ
whereWi,j,k is the crack width at the kth position along the jth segment of length
Li,j on the ith slice of the volume of interest. The initial and final slices are n andN,
respectively, andM is the number of segments. The value of gi,j,k is equal to 1 or 0
depending on whether the width determination was accepted or deemed invalid
using the procedure described in the next paragraph. As for thewidth of the crack,
we use the full-width at half-maximum of the Gaussian function that best fits the
intensity profile of the meteorite perpendicular to the segment. We prefer to give
the volume of the crack instead of its average width. This is because cracks typically
have large width variations throughout their volume. The accuracy of the crack
width determination is estimated at each point by a Monte Carlo method: we
attempt to fit a Gaussian function up to 9,000 times to the meteorite intensity
profile to have at least 30 valid fits. Gaussian random noise (with a standard
deviation given by noise in the computed tomography data) is added to the voxel
counts in each iteration. If at t0, t1 or t2 the dispersions of the widths, centres or
amplitudes of the Gaussian fits are larger than some threshold values that, once
tuned, are kept constant for bothmeteorites at all times, the point is deemed not to
contain a crack and is excluded from the sums of equation (1) at t0, t1 and t2 (by
setting the corresponding value of g to zero).
The crack length measurement method is similar to the one used for the crack
volume determination, but with two main differences. First we select a volume of
interest that includes one or more crack tips, typically by constructing the seg-
ments such that they partly extend beyond the crack tips. This is because any
potential increase in the length of the crack due to temperature cycling must
happen at the crack tip. Next, for each slice, we count the number of voxels where
g5 1, that is, where a valid crack width is found. We note that, contrary to the
method used for the measurement of the crack volume, we do not set g5 0 at t0, t1
and t2 if g5 0 at t0, t1 or t2. We observe that our method fails to fit a Gaussian
function to the meteorite intensity profile beyond the crack tip and that the dis-
persions of theGaussian parameters can become very large, indicating the absence
of a crack. The length of the crack averaged over the slices of interest is given by
L~
1
N{n
XN
i~n
XMi
j~1
XLi,j
k~1
gi,j,kDl
We take the standard error of themean as the error in the length of the crack. This
same process is applied to the computed tomography scans of the meteorites at t0,
t1 and t2 tomeasure the evolution of crack length as a function of the number of the
cycles.
We were concerned that processes other than thermal fatigue could affect crack
growth inour experiments. For example, thewater freeze–thaweffect has an import-
ant role in the opening of cracks in terrestrial rocks. Atmospheric moisture in the
cracks of our specimens could, in principle, have been present and may have facili-
tated the opening and the lengthening of cracks. However, we rule out this mech-
anism in our experiments in twoways. First, temperature cycling of our samples is
carried out under an anhydrous atmosphere at a pressure of 1 bar.Next, before the
temperature cycling begin, the meteorite specimens are exposed to a vacuum of
,1022 bar and later immersed in an argon–nitrogen gas for several hours to
eliminate potential traces of humidity.
We were also concerned that the transport of the meteorites from the climatic
chamber to the computed tomography scannermay have stressed the samples and
affected the crack growth.We rule out this effect by obtaining scans of a sample of
Murchison that was transported from the climatic chamber to the scanner, but not
subjected to temperature cycles.We repeat this procedure twice. Visual inspection
of the scan images shows no obvious change in the position, width and length of
the cracks, andno formation of newcracks. Also, no fragments flaking off from the
surface of the Murchison specimen were found (analysis of the scans shows no
obvious change in the surface of the specimen). Volume measurements of several
cracks in the specimen of Murchison that was transported but not subjected to
temperature cycles show no variation within the error bars (Extended Data Fig. 5).
Thermomechanical and fatigue crack growth model. Our thermomechanical
and crack growth model is based on the coupling of a well-established thermal
diffusion model15, linear elastic fracture mechanics and a well-established fatigue
crack growth law (Paris’s law17). Paris’s law relates the rate at which the crack
length, a, grows as a function of the number of cycles, N, to the maximum stress
intensity factor17 excursion, DKI:
da
dN
~C½DKI (a)n ð2Þ
where C and n are material properties fitted to experimental fatigue data22.
First, we use a well-established thermal model15 to solve the one-dimensional
heat diffusion problemand calculate the temperature, T x,tð Þ, as a function of time,
t, and depth, x, in a layer of rocks of different sizes at the asteroid surface (Extended
Data Fig. 8). We use the same boundary conditions and finite-difference imple-
mentation as in ref. 15, but we adopt a higher spatial resolution of 0.025 times the
heat penetration depth15, and amaximumdepth is set at 1,024 resolution elements.
We model a surface area at the equator. We set the initial temperatures to zero,
and we let the model evolve until the mid-day temperature of the surface at the
asteroid rotation N1 1 is within 0.1K of the temperature at the rotation N. The
parameters that control the values of T x,tð Þ are the thermal inertia, C, the bolo-
metric albedo, A, and the asteroid rotation period, P. We model two cases whose
thermal parameters, taken from ref. 21, areC5 640 Jm22 s20.5 K21,A5 0.02 and
C5 1,800 Jm22 s20.5 K21, A5 0.1, corresponding to those of carbonaceous and
ordinary chondrites, respectively (Extended Data Table 1). We set P5 6 h, which
is appropriate for small asteroids. The thermalmodel does not account for the rock
boundaries, which increase the porosity of the medium, resulting in lower thermal
inertia and probably increasing the thermal gradients.
To model the temperatures in the meteorites in our laboratory experiments, we
modify the thermal model by solving the heat diffusion problem for an idealized
spherical, homogeneous and isotropic body (with the thermal properties of a car-
bonaceous or anordinary chondrite, as above)whose surface temperature is forced
to follow a sinusoidal function in time with a period of 2.2 h and an amplitude of
190K, independently of themineralogy andequal to those imposed on themeteor-
ites in the climatic chamber.
Nextwecompute the time-dependentmacroscopic stress field,S(x, t), associated
with the transient thermal gradients following establishedmethods16. Additionally,
we account for themicroscopic stress fields, s(x; y, t), that develop as a result of the
heterogeneous microstructure of the material, assuming different thermal expan-
sion coefficients for the matrix and the chondrules (the two main components of
those meteorites). Finally, the maximum stress intensity excursion experienced
over a temperature cycle is used inParis’s law to compute the growth rate of a planar
crackoriginating from the surface of rock (a flow chart of theprocedure is shown in
Extended Data Fig. 6).
Consider a two-scale body (Extended Data Fig. 6) with two macroscale observ-
able quantities, namely macroscopic stress,S(x, t), andmacroscopic temperature,
T x,tð Þ, which are functions of the macroscale material coordinate x. Likewise, the
microscale quantitiess(x; y, t) andT(x; y, t) are functions of themicroscalematerial
coordinate y. The macroscale quantities are related to the microscale quantities
through a suitable volumetric average, that is, S(x, t)5 v{1
ð
v
s x; y,tð Þ dv and
T x,tð Þ~v{1
ð
v
T x; y,tð Þ dv. The microscale is heterogeneous, approximated by
spherical inclusions embedded in a matrix. The linear thermoelastic properties
of the inclusions are as follows: bulk modulus, Ki; shear modulus, mi; thermal
expansion coefficient,ai. Likewise, the linear thermoelastic properties of thematrix
are Km, mm and am. The macroscale is homogenized with effective linear thermo-
elastic properties of K , m and a (Extended Data Table 1).
The macroscopic stresses, S(x, t), develop as a result of spatial gradients in the
macroscopic transient temperature field, T x,tð Þ. The formulationof ourmacroscopic
stress field is very similar to that in ref. 16.We confirm that the macroscopic stress
fields used in this study agree with finite-element analysis.
In general, additionalmicroscale stresses in excess of themacroscale stresses are
generated by both the heterogeneous microstructure, that is, ai? am, as well as
microscale gradients in the microscale temperature field, that is, =yT(x; y, t). For
simplicity,we assume that themicroscale temperature field is equal to themacroscopic
temperature field at a particular macroscale location, that is, T x; y,tð Þ~T x,tð Þ,
thus neglecting any microscopic gradients in the microscopic temperature field.
Let the spherical inclusions of radii rc be located on a cubic lattice with lattice
parameter 2,. The microscopic stress tensor associated with the thermal mis-
match, sTM, is defined such that s(x; y, t)5S(x, t)1sTM(x; y, t) and is calculated
througha self-consistent, two-phase composite spheres approach.Themethodapprox-
imates the periodic array of spherical inclusions as a two-phase spherical assemblage
with appropriate boundary conditions23. This approach approximates the stress-
field interactions between inclusions23. The thermoelastic constitutive relations for
both the inner solid sphere and outer spherical shell are expressed as
sTM~
Ki{
2
3
mi
 
I : eTMð ÞI
z2mie
TM{3KiaiDTI 0ƒ yk kƒrc
Km{
2
3
mm
 
I : eTMð ÞI
z2mme
TM{3KmamDTI rcv yk kƒ‘
8>>>><
>>>>:
where tensorial notation is used, eTM is the totalmicroscopic linear strain associated
with the thermal mismatch, and I is the identity (where the tensor product A :B is
defined as AijBij).
The microscopic equilibrium equation yields the following solution for the
microscopic hoop stresses associated with thermal mismatch:
sTMhh x; y,tð Þ~
KTMDaDT x,tð Þ(r3c ‘{3{1) 0ƒ yk kƒrc
1
2
KTMDaDT x,tð Þ(r3c yk k{3zr3c ‘{3) rcv yk kƒ‘
8<
:
where Da5 ai2 am, DT x,tð Þ~T x,tð Þ{T0, and KTM is defined as
KTM~
12mmKiKm
3KiKmz4mmKmz4mm Ki{Kmð Þr3c ‘{3
Returning to the body shown in Extended Data Fig. 6, we now consider the
introduction of a planar crack originating from the surface of this body. On the
macroscale the crack cuts through the diameter of the rock, and on the microscale
the crack is assumed to cut through the array of chondrules. To perform the fatigue
crack propagation analysis, it is necessary to obtain an expression for the stress
intensity factor, KI, which is dependent on both the loading and the geometry17.
The stress intensity factor most closely associated with our geometry and load-
ing conditions was obtained by ref. 24 as
KI a,tð Þ~
ða
0
dj
2ecn. s j,tð Þecnﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2p a{jð Þp
X3
i~0
Mi 1{
j
a
 i=2
ð3Þ
where s is the total microscopic tensorial stress field that would develop along the
crack plane if the crack were not present, ecn is the unit normal to the crack plane
andMi are geometric parameters that may be found in ref. 24. To make use of the
transient stress intensity factor of equation (3) in the solution of equation (2), it is
necessary to obtain themaximum stress intensity factor excursion,DKI(a), experi-
enced over a particular cycle. Because we are dealing with thermal cyclic stress, the
crack tip experiences both tensile and compressive stresses over a full cycle; there-
fore, ignoring crack closure25, the lowest stress intensity factor that the crack tip
experiences is simply zero. The resulting nonlinear ordinary differential equation—
equation (2) after substitution of equation (3)—is solvednumerically byanadaptive
fourth-order Runge–Kutta method, providing the crack size as a function of the
number of thermal cycles.
Lastly, we develop a method for providing some degree of model validation and
uncertainty quantification. The chondrule size, rc, and spacing, ,, are known with a
highdegree of accuracybecause these aremeasured fromour computed tomography
scans. However, we expect a,30% relative uncertainty in the values of the thermo-
physical parameters because their valueswere obtained throughdirectmeasurement
of meteorites16,26–30. We thus calculate our model for several sets of values of the
thermophysical parameters that we choose to within 30% of the nominal parameter
values, and find an order-of-magnitude change in the predicted number of thermal
cycles required to achieve rock fragmentation. This implies an order-of-magnitude
change in the survival time of rocks in Fig. 1 and, therefore, that thermal fragmenta-
tion remains dominant overmeteoroid impacts as a regolith generationmechanism.
To the best of our knowledge, no systematic fatigue crack growth experiments
have been conducted on asteroid or meteorite materials. Therefore, we took the
Paris’s law parameters of Carrara marble22, which satisfactorily predict the fatigue
crack growth observed in our experiments (inset of Extended Data Fig. 7). Paris’s
law parameters dramatically different from those of Carrara marble will result in
greatermodel–experiment discrepancy (ExtendedData Fig. 9), which is defined as
amodel Nð Þ{aexp Nð Þ
aexp Nð Þ{aexp N~0ð Þ

 ð4Þ
where amodel and aexp are the crack lengths predicted by the model and those mea-
sured fromour laboratory experiments, respectively. Even if theParis’s law exponent
were 30% larger than the assumed value (Extended Data Fig. 9), the model would
still predict that thermal fragmentation is the dominant regolith generationmech-
anism over comminution by micrometeroid impact.
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Extended Data Figure 1 | Protocol of the thermal fatigue laboratory
experiments. Weplace samples ofMurchison and Sahara 97210,1 cm in size
in a climatic chamber where the air temperature is forced to follow cycles
between 250 and 440K with a period of 2.2 h. The air is anhydrous and at a
pressure of 1 bar. Meteorites are analysed by X-ray computed tomography
before the temperature cycles begin (t0), after 76 cycles (t1) and after 407 cycles
(t2). From the scans, we measure (Methods) the increases in the volume and
length of cracks as functions of the number of temperature cycles.
Extended Data Figure 2 | Diurnal surface temperature excursions on
asteroids as a function of the distance to the Sun. Temperatures are
calculated at the equator of a spherical asteroid by means of an asteroid
thermophysical model15 (Methods), assuming the thermal properties
(Extended Data Table 1) of a carbonaceous chondrite (the CM2 Cold-
Bokkevel) and that of an ordinary chondrite (the H5 Cronstad). The asteroid
rotation period is set to 6 h. The bolometric albedo is assumed to equal 0.02 for
the carbonaceous chondrite and 0.1 for the ordinary chondrite.
Extended Data Figure 3 | Volume growth of individual cracks as a function
of the number of temperature cycles. a, Murchison; b, Sahara 97210.
Statistical errors are 1s and are in general smaller than the plot symbols. The
crack volume is measured by the procedure described in Methods. Cracks are
labelled with the value of the initial slice of the corresponding volume of
interest. If different volumes of interest are defined with the same initial
tomographic slice, the last letter of the crack label is used to identify the crack
(for example Z387a, Z378b, Z378c).
Extended Data Figure 4 | Length growth of individual cracks as a function
of the number of temperature cycles. a, Murchison; b, Sahara 97210.
Statistical errors are 1s. The crack length is measured by the procedure
described in Methods. See Extended Data Fig. 3 for crack labelling.
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Extended Data Figure 5 | No crack growth with no temperature cycles.
Volume growth of individual cracks in a specimen of Murchison that was
transported from the climatic chamber to the computed tomography scanner
without temperature cycling. Statistical errors are 1s. The crack volume is
measured by the procedure described in Methods. We performed three
computed tomography scans: scan no. 0 (the label on the x axis) was obtained
on the sample of themeteorite as it was received; scan no. 1 was carried out after
the meteorite was transported from the computed tomography scanner to the
climatic chamber and back; and scan no. 2 was obtained after a second
transportation of the meteorite.
Extended Data Figure 6 | Schematics of our micromechanical model.
a, Flow chart; b, schematic of the two-scale representation (Methods). hV is the
surface of a body of volumeV. Amicroscopic spherical inclusion, centred at the
macroscopic point x is embedded in an infinite, effectively homogenized
matrix. A generalmicroscopicmaterial point is located at a distance ymeasured
from the centre of its nearest spherical inclusion located at x. The spherical
inclusions of radius rc are located at the vertices of a cubic lattice with lattice
parameter 2,.
Extended Data Figure 7 | Comparison of theoretical and measured crack
growth. Crack size is shown as a function of the number of temperature
cycles predicted by our model and compared with experimental data for two
particular cracks. Main plot: pre-existing cracks of 0.76mm for Murchison
and 0.41mm for Sahara 97210 originating at the surface of the samples
progressively propagate through the respectivemeteorites. The crosses indicate
that the crack has reached a length equal to the meteorite diameter; therefore,
full fragmentation occurs. Inset: comparison of the model with the length
growth measured in our experiments for the same two cracks.
ExtendedData Figure 8 | Schematic of the surface layer of rocksmodelled in
this work. The schematic is inspired by Fig. 3 of ref. 7. The layer is composed of
rocks with different sizes. The rocks are subjected to spatial and temporal
temperature gradients at the surface of the asteroid due to changes in the
diurnal solar heating. The bottom of the rock layer is assumed to be in
contact with bedrock that is deep enough to have a constant temperature.
Temperatures are calculated assuming a uniform medium (no rock
boundaries). This is probably a conservative approximation, because the
presence of voids between rocksmay enhance the temperature gradients owing
to a reduction in the thermal conductivity. When the model starts, all rocks
have a surface crack of the same length (30 mm), represented by the thin vertical
line. It is very likely that cracks of this size, similar to the grain size ofmeteorites,
are present in asteroidal material. Crack growth is from top to bottom.
Crack growth is modelled until the time (survival time) the crack reaches
the diameter of the rock (through-crack), and the rock is broken into two
pieces. Rock survival times are shown in Fig. 1.
Extended Data Figure 9 | Sensitivity of the model results to variations in
Paris’s lawparameters. The stars indicatemodel results for the nominal values
of the parameters given in Extended Data Table 1. a, Number of temperature
cycles until fragmentation for a rock 1 cm in diameter as a function of
the Paris’s law exponent, n. b, Discrepancy between the model and the
experimental crack growth, defined by equation (4) in Methods, as a function
of the Paris’s law exponent. The model–experiment discrepancy is of the order
of 20% for the nominal values of the C and n. A 100% discrepancy would be
clearly visible in Extended Data Fig. 7. c, Same as a, but here the number of
cycles until rock fragmentation is plotted as a function of the Paris’s law
factor C. d, Same as b, but here the discrepancy between the model and the
experimental crack growth is plotted as a function of the Paris’s law factor C.
Extended Data Table 1 | Physical properties of materials and their default values used in this work
